The deduced amino acid sequence derived from a Macrophomina phaseolina ␤-1,4-endoglucanase-encoding gene revealed 48% identity (over 119 amino acids) with egl1 from the phytopathogen Pseudomonas solanacearum. Its similarity to saprophyte endoglucanases was not significant. Its minimum substrate size, unlike that of any known saprophyte endoglucanase, was cellopentaose. The unique characteristics of M. phaseolina egl1-encoded endoglucanase suggest that it is phytopathogen specific.
The vast majority of cellulolytic microorganisms hydrolyze plant cell walls after plant death. Phytopathogenic fungi have been largely overlooked in the search for new and interesting forms of cellulases (14) . To date, our laboratory has been the only one to report on the cloning and characterization of ␤-1,4-endoglucanase genes from a phytopathogenic fungus (19, 20) . Our studies have focused on the soilborne deuteromycete Macrophomina phaseolina (Tassi) Goid. This fungus has one of the widest reported host ranges for any phytopathogenic fungus species, readily invading over 500 different species of monocotyledonous and dicotyledonous plants (21) .
Microscopic observations of host cell penetration by M. phaseolina have revealed that penetration of the cell wall is very precise (2) . There are no invaginations of the cell wall to indicate that mechanical forces alone mediate penetration. At the same time, there is a lack of apparent cell wall dissolution to suggest the release of cell-wall-degrading enzymes by the pathogen. In an effort to provide a clearer understanding of what type of cellulases are harbored by M. phaseolina, we have cloned, characterized, and functionally expressed two ␤-1,4-endoglucanases that are present in this pathogen. One endoglucanase (egl2) was found to have amino acid similarity to and characteristic enzymatic properties of egl3 from Trichoderma reesei (16, 20) . The second endoglucanase (egl1) is the subject of this paper. We have found that egl1 is quite unlike saprophyte endoglucanases. It differs in both deduced amino acid sequence and substrate requirements. Interestingly, the substrate requirements of egl1 are identical to a plant-encoded endoglucanase which is active during plant cell wall expansion (7) . We report that M. phaseolina harbors a unique ␤-1,4-endoglucanase and that it may mimic the activity of plant endoglucanases, allowing surreptitious penetration of the cell wall.
We chose a defined liquid medium for expression of the M. phaseolina endoglucanase genes as production of an appressorium, penetration peg, and various cell-wall-degrading enzymes, all associated with the infection process, occurs readily in vitro for a wide range of phytopathogens (4, 8) .
Cloning and expression of the endoglucanase-encoding gene were performed as previously described (20) . cDNA clones were sequenced by standard dideoxy methods (Sequenase 2.0; U.S. Biochemical, Cleveland, Ohio). The complete nucleotide sequence of the M. phaseolina egl1 cDNA was determined ( Fig. 1 ). This cDNA encodes a protein of 333 amino acids, with a total molecular mass of 37 kDa. Cleavage of the predicted signal peptide (18) would yield a protein of approximately 35 kDa. A single site for N glycosylation is predicted (5). The deduced amino acid sequence homology was determined by using the BLAST program (1). Compared with other reported sequences, the nucleotide and predicted amino acid sequences revealed a significant degree of homology only with egl1 (9) from the phytopathogenic bacterium Pseudomonas solanacearum (Fig. 2) .
To determine cellodextrin specificity, overnight cultures (2 ml) of Escherichia coli DH5␣ cells that harbored pSPORT 1 with a full-length endoglucanase clone were used for enzyme assays. Cultures of E. coli cells that harbored pSPORT 1 without an endoglucanase insert were used as controls. Cells were pelleted, resuspended in 100 mM sodium acetate (pH 5.0), and sonicated, and cellular debris was removed by centrifugation. Cellodextrins (␤-1,4 linked) with increasing degrees of polymerization (DP) were tested as substrates (13) . Cellotriose (DP, 3), cellotetraose (DP, 4) or cellopentaose (DP, 5) was incubated overnight at 37ЊC with the cell supernatant. Hydrolysis products were analyzed with a Dionex BIOLC high-pressure liquid chromatograph fitted with a CarboPac PA1 (4 by 250 mm) column that had been equilibrated with 100 mM NaOH. Samples were resolved on a gradient from 100 mM NaOH to 150 mM NaOAc. EGL1 hydrolyzed only cellopentaose (Fig. 3) . Hydrolysis of cellopentaose to cellobiose and cellotriose was completed within a few hours, while cellotetraose remained intact even after overnight incubation. A sample of purified P. solanacearum EGL1 (gift from T. Denny, University of Georgia, Athens) gave similar results.
The spectrum of hydrolyzable substrates was determined as previously described (17, 20) . The substrates tested were mixed-linkage ␤-D-glucan, laminarin, oat spelt xylan, birchwood xylan, and arabinogalactan (all from Sigma Chemical Co., St. Louis, Mo.). Activity was detected on mixed-linkage ␤-D-glucan and oat spelt xylan (data not shown).
Northern (RNA) hybridizations were carried out as previously described (11) . Transcription of egl1 was not detected with glucose as the sole carbon source (Fig. 4) . Increased expression occurred when carboxymethyl cellulose (CM-cellulose) was present as a carbon source. Transcription of egl1, although stimulated by CM-cellulose, apparently decreased in the presence of glucose, but transcripts were still detectable. These results are consistent with catabolite regulation, as previously reported for egl2 (20) .
From our studies, it is clear that a unique pathogen-specific endoglucanase (egl1) gene, in addition to the endoglucanase gene (egl2) commonly found in saprophytes, is present in M. phaseolina. This unique endoglucanase differs from all reported fungal saprophyte endoglucanases in both nucleotide sequence and substrate specificity. Its nucleotide sequence reveals that M. phaseolina egl1 lacks a cellulose binding domain, a universal feature in saprophyte endoglucanases (6) . While the cellulose binding domain is not essential for activity, it expands substrate specificity to include microcrystalline cellulose. Cellulose microfibrils in the plant cell wall consist largely of microcrystalline cellulose, indicating that microfibrils are probably not the target of M. phaseolina EGL1.
The pathogen-specific endoglucanase requires four contiguous ␤-1,4 linkages; all known saprophyte endoglucanases require three contiguous linkages. Interestingly, this substrate requirement has previously been found for an auxin-responsive plant endoglucanase which is active during cell wall expansion (7). It is possible that pathogen-specific EGL1 attacks mixedlinkage ␤-glucans or xyloglucans (3) in a manner similar to that of the plant's own endoglucanase, resulting in cell wall loosening rather than more extensive hydrolysis, which is common for saprophyte-specific endoglucanases.
Testing this model will require extensive research efforts. While evidence for the role of P. solanacearum egl1 exists (12, 15) , we cannot readily obtain M. phaseolina mutants which are deficient in endoglucanase production. Gene disruption analysis is not feasible for this fungus, as at least four copies of egl1 are dispersed throughout the genome (10) .
Regardless of its function in plant pathogenesis, egl1 is an interesting new type of endoglucanase and should prove to be ideal for elucidating the structure of cellulase substrate binding regions. Mutagenesis studies, coupled with crystallographic analysis, should yield valuable information as to the basis for differences in the substrate requirements of this endoglucanase relative to those previously reported. This information may lead us in new directions with respect to engineering cellulases for enhanced or customized substrate hydrolysis.
Nucleotide sequence accession number. The full-length cDNA sequence reported in this paper has been deposited with GenBank under accession number U14948.
